In this paper, we present a rock magnetic data set produced for sediments from Hydrate Ridge recovered during Ocean Drilling Program Leg 204. Our data set is based on several artificially induced magnetic properties that can be used as a diagnostic for the presence of magnetic iron sulfides. The occurrence of magnetic iron sulfides within the gas hydrate stability zone in locations where gas hydrates are present seems to confirm previous interpretations linking formation of such minerals with generation of gas hydrate. Magnetic iron sulfides are also found at positions deeper than the gas hydrate stability zone. We suggest that these positions, which include intervals located just below the bottomsimulating reflector and also at deeper positions, may mark the former presence of gas hydrates that have been later dissociated as the gas hydrate stability zone moved upward through time. Detailed characterization of the magnetic iron sulfide mineralogy and comparison with sedimentological and geochemical data will be attempted for better determining the significance of magnetic iron sulfides in Hydrate Ridge sediments and their possible applications in the study of gas hydrates.
ABSTRACT
In this paper, we present a rock magnetic data set produced for sediments from Hydrate Ridge recovered during Ocean Drilling Program Leg 204. Our data set is based on several artificially induced magnetic properties that can be used as a diagnostic for the presence of magnetic iron sulfides. The occurrence of magnetic iron sulfides within the gas hydrate stability zone in locations where gas hydrates are present seems to confirm previous interpretations linking formation of such minerals with generation of gas hydrate. Magnetic iron sulfides are also found at positions deeper than the gas hydrate stability zone. We suggest that these positions, which include intervals located just below the bottomsimulating reflector and also at deeper positions, may mark the former presence of gas hydrates that have been later dissociated as the gas hydrate stability zone moved upward through time. Detailed characterization of the magnetic iron sulfide mineralogy and comparison with sedimentological and geochemical data will be attempted for better determining the significance of magnetic iron sulfides in Hydrate Ridge sediments and their possible applications in the study of gas hydrates.
INTRODUCTION
Hydrate Ridge is a structural high located in the accretionary complex of the Cascadia subduction zone, offshore Oregon (USA) (Fig. F1) . During Ocean Drilling Program Leg 204, nine sites were drilled throughout the southern sector of Hydrate Ridge (Tréhu, Bohrmann, Rack, Torres, et al., 2003) , where a ubiquitous bottom-simulating reflector (BSR), geophysical and geochemical data, and direct recovery evidence widespread distribution of gas hydrates in the sediments (Tréhu et al., 1999 (Tréhu et al., , 2004b Tréhu, Bohrmann, Rack, Torres, et al., 2003) . A linedrawing of high-resolution three-dimensional multichannel seismic (MCS) reflection data available during Leg 204 (Tréhu et al., 2002) illustrates the main stratigraphic and structural features of Hydrate Ridge as well as the relationship between characteristic reflectors (Fig. F2) . The sedimentary sequence that builds southern Hydrate Ridge has been divided into five lithostratigraphic units that range from early Pleistocene to Holocene in age (Tréhu, Bohrmann, Rack, Torres, et al., 2003) . Beneath these units, older sediments constituting the accretionary prism of the subduction zone are located (Tréhu, Bohrmann, Rack, Torres, et al., 2003) . Hydrate Ridge sediments, including those in the accretionary complex, are mainly composed of hemipelagic clays and silty clays that are locally interbedded by silty-to sandy-rich turbidite levels that often contain volcanic ash and glass (Shipboard Scientific Party, 2003 ; Gràcia et al., this volume). Hemipelagic clays and silty clays often show a mottled pattern related with the ubiquitous presence of variable amounts of black, millimeter-scale iron sulfide nodules (Shipboard Scientific Party, 2003) . On some occasions, iron sulfides are found as larger nodules (up to 1 cm) that are strongly magnetic (Shipboard Scientific Party, 2003) . Silty-to sandy-rich turbidite layers especially cluster around three specific intervals that constitute characteristic seismic reflectors labeled as Horizons A, B, and B′ (Tréhu, Bohrmann, Rack, Torres, et al., 2003; Shipboard Scientific Party, 2003) . Horizon A has been suggested to be a conduit feeding gas from the deep accretionary complex sediments to the surface vents and gas hydrate deposits (Tréhu et al., 2004a) . In the slope basin, two large debris flows composed of unsorted pebble-size mud clasts embedded in a clay matrix and affected by soft-sediment deformation structures are intercalated in the hemipelagic clays and silty clays ( Fig. F2) (Shipboard Scientific Party, 2003) .
Previous rock magnetic results from Hydrate Ridge sediments have shown a widespread occurrence of magnetic iron sulfides, predominantly greigite but probably also pyrrhotite, associated with gas hydrates (Housen and Musgrave, 1996) . Moreover, a number of studies have reported the occurrence of greigite related to anaerobic oxidation of methane (e.g., Kasten et al., 1998; Neretin et al., 2004) . Because the occurrence of greigite and pyrrhotite can be related to formation of gas hydrates and degradation of methane, identification of magnetic iron sulfides may have implications for understanding the processes that control formation and accumulation of methane and gas hydrates in marine sediments. Greigite and pyrrhotite can survive through geological time (e.g., Verosub and Roberts, 1995) . Thus, identification of these magnetic iron sulfides might also have implications for understanding methane-and gas hydrate-bearing marine sediments in ancient sedimentary systems.
Identification of magnetic iron sulfides in sediments can be achieved using geochemical analyses (e.g., Neretin et al., 2004) 
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techniques such as X-ray diffraction (XRD) and scanning electron microscopy (SEM) (e.g., Horng et al., 1998; Roberts and Weaver, 2005) . Magnetic methods also provide an excellent tool for identifying magnetic iron sulfides because they are very sensitive to the very low concentrations that often hamper identification of magnetic iron sulfides by means of conventional geochemical and mineralogical techniques. Identification of magnetic iron sulfides in Hydrate Ridge sediments has been mostly based on magnetic parameters derived from hysteresis experiments (Housen and Musgrave, 1996) . However, such experiments require specific equipment that is not available in most paleomagnetic laboratories and often involve subsampling down to a few milligrams, causing them to be less representative of the sediment.
In this paper, we present a rock magnetic study of sediments from Hydrate Ridge recovered during Leg 204. Our data set is based on several artificially induced magnetic properties that can be produced and measured in most paleomagnetic laboratories and may be used as a diagnostic for the presence of magnetic iron sulfides. We tentatively discuss the data in connection with the presence of gas hydrates within the gas hydrate stability zone (GHSZ) and also with the probable former occurrence of gas hydrates at deeper locations. Detailed identification of the magnetic mineralogy and interpretation of the data, as well as a cross-comparison with hysteresis parameters, will be presented elsewhere. The data set reported here is compiled in Tables T1, T2, T3, T4,  T5, T6, T7, T8 , and T9, and the most relevant results are plotted in Figures F3, F4, F5, F6, F7, F8, F9, F10, F11 , and F12.
METHODS
About 550 sediment samples were collected using 8-cm 3 plastic boxes during Leg 204. Samples were taken at a resolution of 10 m (1/core), except in selected intervals such as the BSR, Horizons A, B, and B′, and in the vicinity of gas hydrates, where sampling resolution was tightened up to 1.5 m (1/section). To minimize sample dehydration and alteration, samples were packed in sealed, nitrogen-filled bags and stored in a cold environment until they were processed in the laboratory.
Rock magnetic properties were measured at the Paleomagnetic Laboratory (CSIC-UB) of the Institute of Earth Sciences "Jaume Almera" in Barcelona, Spain. Rock magnetic measurements include low-field magnetic susceptibility (χ), anhysteretic remanent magnetization (ARM), and isothermal remanent magnetization (IRM). Low-field magnetic susceptibility was measured with a KLY-2 susceptibility bridge using a field of 0.1 mT at a frequency of 470 Hz. ARM was imparted using a homemade experimental set up that consisted of the application of a peak alternating field (AF) of 0.1 T (imparted with a Shonstedt AF demagnetizer without the magnetic shielding) in the same direction as a bias field of 0.05 mT (imparted with a set of Helmholtz coils). Two IRMs, which we refer to as IRM@0.1T and IRM@0.9T, were imparted using a Molspin pulse magnetizer with two fields of 0.1 and 0.9 T, respectively. The ARM, IRM@0.1T, and IRM@0.9T were measured using a 2G Enterprises three-axis cryogenic magnetometer. Because of their very high intensities, the IRM@0.1T and IRM@0.9T could not be measured for some samples. In addition, technical problems prevented a reliable measurement of the ARM in a few samples. All magnetic properties are normalized by the dry weight of the samples. F4. Rock magnetic data, Site 1244, p. 13.
T1.
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ARM, IRM@0.1T, and IRM@0.9T values are related to the concentration of magnetic minerals, regardless of their type. Magnetic susceptibility has been classically used as a proxy for the concentration of magnetic minerals. However, caution must be exercised when using magnetic susceptibility because it is also influenced by nonmagnetic typical rock-forming minerals such as clays, quartz, and carbonates. In addition to these magnetic properties, we obtained additional rock magnetic parameters by calculating interparametric ratios. Because magnetic iron sulfides have magnetic properties slightly different from those of magnetite, such inteparametric ratios can be used to distinguish between these minerals. Among the different parameters calculated, of particular interest is the IRM@0.9T/χ ratio. This ratio has been used to infer the presence of greigite (Roberts, 1995; Dekkers et al., 2000) and to discriminate between greigite and pyrrhotite (Housen and Musgrave, 1996) in sediment samples. A recent compilation of rock magnetic data of known magnetic assemblages (Peters and Dekkers, 2003) allows improved interpretation of IRM@0.9T/χ ratios in terms of specific magnetic minerals. In the absence of iron hydroxides such as hematite and goethite, magnetite-dominated samples have IRM@0.9T/χ ratios that usually range between 1 and 15 kA/m and only exceptionally exceed 30 kA/m. IRM@0.9T/χ ratios for both greigite-and pyrrhotitedominated samples are typically higher than 30 kA/m and very rarely lower than 15 kA/m. Such high IRM@0.9T/χ values result from the single-domain (SD) behavior that magnetic iron sulfides show in most natural samples (Roberts, 1995; Dekkers et al., 2000) . According to this, IRM@0.9T/χ ratios of up to 15 kA/m might be diagnostic for magnetitedominated assemblages, whereas IRM@0.9T/χ ratios larger than 30 kA/ m might discriminate magnetic iron sulfide-dominated samples. Intermediate values between 15 and 30 kA/m likely indicate mixtures of variable amounts of magnetite and magnetic iron sulfides. Thermal demagnetization data of a three-component IRM applied at fields of 0.9, 0.3, and 0.1 T along the three orthogonal axes of the samples (Lowrie, 1990 ) was performed on selected samples with variable IRM@0.9T/χ values in order to determine the magnetic mineralogy and to support the interpretation based on these data (Fig. F3) .
Besides IRM@0.9T/χ, other parameters such as IRM@0.1T/IRM@0.9T, IRM@0.9T-IRM@0.1T, and IRM@0.9T/ARM were also calculated. The IRM@0.1T/IRM@0.9T ratio is equivalent to the s-ratio (e.g., Verosub and Roberts, 1995) measured with a backfield of 0.1 T and indicates the relative proportion between low-coercivity (<0.1 T) and high-coercivity (0.1-0.9 T) magnetic minerals. IRM@0.9T-IRM@0.1T values are equivalent to the HIRM (e.g., Verosub and Roberts, 1995) measured with a backfield of 0.1 T and indicate the proportion of high-coercivity (0.1-0.9 T) magnetic minerals. Because magnetic iron sulfides usually have coercivitiy values larger than those of magnetite (e.g., Horng et al., 1998) , IRM@0.1T/IRM@0.9T ratios can provide information about the relative proportion of magnetic iron sulfides, whereas IRM@0.9T-IRM@0.1T values can provide information about their concentration. IRM@0.9T/ARM might be also used for discriminating between magnetic iron sulfides and magnetite because they respond differently to IRM and ARM acquisition experiments. Although IRM@0.1T/IRM@0.9T, IRM@0.9T-IRM@0.1T, and IRM@0.9T/ARM might therefore be used for examining the occurrence of magnetic iron sulfides, they will not be considered at depth in the present report because their use is not straightforward and still needs to be tested against detailed rock magnetic measurements. Finally, ARM/χ ratios were also calculated. We 
RESULTS
In Figure F3A , a comparison between IRM@0.9T/χ and χ for all sites is shown. Samples can be divided into three groups. The first group is characterized by low χ (<3 × 10 -7 m 3 /kg) and low IRM@0.9T/χ (<1.5 × 10 -4 A/m) values and is labeled as Type 1. The second group of samples, named Type 2, is characterized by similarly low IRM@0.9T/χ and higher χ (up to 1.7 × 10 -6 m 3 /kg) values. The third group, referred to as Type 3, is characterized by high IRM@0.9T/χ values (between 2 and 10 × 10 -5 A/ m) and χ values slightly larger than those characterizing Type 1 samples (between 1.5 and 6 × 10 -7 m 3 /kg).
Type 1 samples are the most abundant (70%-75%) and correspond to the hemipelagic and silty clays that predominate in Hydrate Ridge sediments. Type 2 samples are scarce (<2%) and correspond to fine-grained turbidite layers such as those found in Horizon B in Hole 1246B (Fig.  F6 ) and in the debris flow units in Holes 1251B, 1251D (Fig. F11) , and 1252A (Fig. F12) (Figs. F5, F7, F8 ). In contrast, these volcanic ash-and glass-rich intervals show a small but significant decrease in the amount of magnetite and can be included within Type 1 samples. The remaining 20%-25% of the studied samples belong to Type 3. These samples correspond to hemipelagic clays and silty clays that, in many cases, contain millimeter-to centimeter-scale iron sulfide nodules. We notice that Type 3 samples do not form a proper cluster but follow a trend between high IRM@0.9T/χ values, typical for "pure" Type 3 behavior, and low IRM@0.9T/χ values, typical for Type 1 samples. We interpret this trend as a result of an increased proportion of magnetic iron sulfides in magnetite-dominated hemipelagic clays. Thus, IRM@0.9T/χ values between 1.5 and 3 × 10 -4 A/m indicate a mixture of magnetite and magnetic iron sulfides, whereas IRM@0.9T/χ larger than 3 × 10 -4 A/ m indicate magnetic iron sulfide-dominated samples.
Thermal demagnetization data of a three-component IRM (Fig. F3B ) validates the interpretation based on IRM@0.9T/χ results. Type 1 and 2 samples are characterized by a steady decrease in the intensity of the three IRM components, which disappear completely below 600°C. This indicates the predominance of magnetite and the absence of hematite. Lack of a sharp decrease in IRM intensities below 175°C also indicates the absence of goethite. Moreover, no significant decrease in IRM intensities is seen below 350°C, which indicates a negligible contribution of magnetic iron sulfides. Type 3 samples show a rather different IRM demagnetization pattern. IRM intensities show a sharp decrease below 300°C, which indicates the presence of magnetic iron sulfides such as greigite or pyrrhotite (e.g., Roberts, 1995) . Above 300°C, the remaining IRM intensity is very low and mostly demagnetized by 450°C, indicat- 
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ing a rather small contribution of magnetite. The lack of a sharp decay in IRM intensities below 175°C and the complete removal of the IRM below 500°C indicate the absence of goethite and hematite, respectively, and validate the use of IRM@0.9T/χ ratios for discriminating magnetite-and iron sulfide-dominated assemblages. We notice that some Type 3 samples, including those containing large magnetic iron sulfide nodules, do not appear in the diagram shown in Figure F3 because IRMs were too intense to be measured (see "Methods," p. 3). In order to allow potential identification of magnetic iron sulfides in these samples, we have compared IRM@0.9T/χ with ARM/χ values (Fig. F3A) . Both parameters show an overall positive correlation that becomes somewhat noisy for high IRM@0.9T/χ and ARM/ χ values. In any case, we notice that only few magnetite-dominated samples (only 6 out of ~400) with IRM@0.9T/χ values lower than 1.5 × 10 -4 A/m, show ARM/χ values higher than 130 A/m. On the contrary, such an ARM/χ value of 130 A/m is surpassed by most magnetic iron sulfide-dominated samples (with IRM@0.9T/χ values higher than 1.5 × 10 -4 A/m). This suggests that, in the absence of IRM data, a threshold ARM/χ value of ~130 A/m can be also used to identify samples with a significant proportion of magnetic iron sulfides.
DISCUSSION
Depth variations observed for the IRM@0.9T/χ and ARM/χ ratios at different sites illustrate the spatial distribution of magnetic iron sulfides within Hydrate Ridge sediments (Figs. F4, F5 , F6, F7, F8, F9, F10, F11, F12). Overall, high IRM@0.9T/χ and ARM/χ ratios are very common above the BSR. We notice that IRM@0.9T/χ and ARM/χ peaks are more common within the gas hydrate occurrence zone (GHOZ) and appear only eventually above it. The peaked pattern of IRM@0.9T/χ and ARM/χ values suggests that the distribution of magnetic iron sulfides is usually very heterogeneous, and so is the distribution of gas hydrates within the GHOZ, which can vary from <2% to >20% of the pore space within few meters (Tréhu et al., 2003 (Tréhu et al., , 2004b . The only two sites where magnetic iron sulfides are absent within the GHSZ are Sites 1251 and 1252, where the lowest concentrations of gas hydrates are found (Tréhu, Bohrmann, Rack, Torres, et al., 2003; Tréhu et al., 2004b) . These results seem to confirm previous interpretations linking gas hydrate occurrence and formation of magnetic iron sulfides (Housen and Musgrave, 1996) , suggesting that magnetic methods may be also used for assessing the distribution of gas hydrates. Further comparison between magnetic data and detailed estimations of gas hydrate content will be necessary in order to explore in depth the reliability of magnetic methods.
According to the IRM@0.9T/χ and ARM/χ ratios, magnetic iron sulfides appear to be also very common within the interval located ~30-50 m just below the BSR, which is evident at some sites (e.g., Figs. F5, F6, F7 ). These magnetic iron sulfide-rich intervals correlate with the location of a secondary BSR reported from MCS data . They have been interpreted as "fossil BSRs" that mark the former position of the base of the gas hydrate stability zone before gas hydrates dissociated as a result of changing temperature and pressure conditions since the Last Glacial Maximum (Housen and Musgrave, 1996; Musgrave et al., 2005) .
Finally, we notice that at several sites magnetic iron sulfides are present at positions far deeper than the BSR and the fossil BSR, even in sediments from the accretionary wedge (e.g., Figs. F5, F11, F12 ). Given
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the apparent link between magnetic iron sulfides and gas hydrates, we interpret this to mean that the presence of magnetic iron sulfides at these deeper positions suggests the former presence of gas hydrates formed during earlier stages of the evolution of Hydrate Ridge. Figure F8 . Depth variations of selected rock magnetic data (χ, IRM@0.9T/χ, and ARM/χ) at Site 1248. The position of the bottom-simulating reflector (BSR) is indicated by a dark line, the gas hydrate occurrence zone (GHOZ) is marked by light gray shading, and the position of Horizon A is marked by dark gray shading. M, mis, and mx denote magnetite-, magnetic iron sulfide-, and mixed-dominated magnetic assemblages, respectively, derived from IRM@0.9T/χ and ARM/χ data. Figure F12 . Depth variations of selected rock magnetic data (χ, IRM@0.9T/χ, and ARM/χ) at Site 1252. The estimated position of the bottom-simulating reflector (BSR) is indicated by a dashed dark line (see Tréhu, Bohrmann, Rack, Torres, et al., 2003) , and the gas hydrate occurrence zone (GHOZ) is marked by light gray shading. Stippled area = position of the debris flow Unit DF2. AC = the top of the accretionary complex. M, mis, and mx denote magnetite-, magnetic iron sulfide-, and mixed-dominated magnetic assemblages, respectively, derived from IRM@0.9T/χ and ARM/χ data. 
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